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the Higgs self-coupling
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Changing the value of the Higgs 
self-coupling has a dramatic effect 

on the HH cross section

2

Investigating the Higgs potential
The full expression of the Higgs potential is encoded with 
parameters  and  as:μ λ

V(ϕ†ϕ) = − μ2ϕ†ϕ + λ(ϕ†ϕ)2

⊃ μ2

⏟
1
2 m2

H

H2 +
λ
2

μ H3 +
λ
4

H4

‣  First estimation from the Higgs mass measurement:

‣ Combined with the v.e.v computation: 

λSM ∼ 0.13
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‣ Quartic interaction even rarer :  
out of reach even for HL-LHC

‣ Contribution increases with s

H H

mH

R

‣ Direct access to  through Higgs pair creation:λ

of the Higgs potential in each scenario is as follows:

V (H) '

8
>>>>>><

>>>>>>:

�m2H†H + �(H†H)2 + c6�

⇤2 (H†H)3, Elementary Higgs

�a sin2(
p
H†H/f) + b sin4(

p
H†H/f), Nambu-Goldstone Higgs

�(H†H)2 + ✏(H†H)2 log H
†
H

µ2 , Coleman-Weinberg Higgs

�3
p
H†H +m2H†H, Tadpole-induced Higgs

(1.1)

where f denotes the decay constant of the NG Higgs boson, and µ denotes the renormalization scale in

case EWSB is triggered by radiative corrections, m2,�, c6,⇤, a, b, ✏, are dimensionful or dimensionless

parameters in each new physics scenario. The shapes of the Higgs potential are schematically illustrated in

Fig. 1, respectively. In both the elementary and Nambu-Goldstone Higgs cases, the Higgs potential could

be expanded in the powers of H†H, which could recover the Landau-Ginzburg e↵ective theory description

if a truncation on the series provides a good approximation. The decoupling limit of these two scenarios

corresponds to the case when new physics sets in at a much higher energy scale than the EW scale. However,

such kind of decoupling limit does not exist in either the Coleman-Weinberg Higgs or the Tadpole-induced

Higgs scenario. In all the above cases, the trilinear and quartic Higgs couplings could be very di↵erent from

those in the SM.

Figure 1: The shapes of Higgs potential for various scenarios studied in this work.

All the above mentioned scenarios can be described in an e↵ective field theory (EFT) framework. One

of the most popular EFT frameworks is the SMEFT [19–21], which assumes new physics decouple at a

high energy scale, and EW symmetry is in the unbroken phase. The SMEFT is suitable for describing the

elementary Higgs and the Nambu-Goldstone Higgs scenarios, when the Higgs non-linearity e↵ect can be

neglected [22]. On the other hand, the Coleman-Weinberg Higgs and the Tadpole-induced Higgs scenarios

cannot be described within the SMEFT framework due to the existence of non-decoupling e↵ects. Hence,

to compare all the four NP scenarios in one theory framework, we utilize the EFT framework in the broken

phase of EW symmetry, which is known as the Higgs EFT [23–29]. Adopting the Higgs EFT framework, we

summarize the general Higgs e↵ective couplings in various scenarios, and parameterize the scaling behavior

of multi-Higgs production cross sections at various high energy hadron colliders.

In this work, we study how to utilize the measurements of the hh and hhh production rates in hadron

collision to discriminate the above mentioned scenarios. The hh production process, via gluon-gluon fusion,

has been extensively studied in the literature for measuring the trilinear Higgs boson coupling [30–49] and

the tt̄hh couplings in the EFT framework [50–52], and for probing various new physics models [53–64]. In

particular, probing the composite Higgs models via studying the hh production process has been studied

4

These parameters are defining the vacuum expected value :


 

ν

ν =
μ2

2λ
≃ 246 GeV

Determined from the EW 
precise measurements ‣ Coupling strength denoted as  



‣ Wide range of BSM models predicting 

different shapes and thus values for 

‣ Some constraints from Single Higgs 

production, small effect on cross-
section → looking for pair production.

κλ = λHHH /λSM
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.075023
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How are Higgs pairs produced?
‣ gluon-gluon Fusion (ggF): 

‣ Destructive interference between triangle 
and box diagrams makes the cross-section 
tiny (1000x smaller than single Higgs). 


‣ Low masses essential to constrain trilinear 
coupling 


‣  shape very dependent on the 
κλ

mHH κλ

‣BSM resonances: 

g

g H

H

X

‣ Spin-0: predicted by Two-Higgs-Doublet-Models and 
Electroweak Singlet models 

‣ Spin-2: predicted by Randall-
Sundrum (RS) model of warped 
extra dimensions 

Possible increase in signal from new physics benchmarks:
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HH Kinematics
• Different processes contribute to the mHH spectrum at different masses:

15

• At κλ ≡ λHHH/λSM = 0, the only contributions are from the box diagram  

• Maximal destructive interference at κλ = 2  

• At κλ ≥ 5, the triangle diagram dominates
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‣ Vector Boson Fusion (VBF): 

H

H

q q

q q

H

V

V

�V H

H

q q

q q

V

V

2V H

H

q q

q q

V

V

V

V

R

σVBF
HH = 1.72 fb

Second order contribution to total production, but direct handle to vector 
boson coupling modifiers  and :κ2V κV

σggF
HH = 31.02 fb
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HH → bb̄bb̄
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τ+

τ−

HH → bb̄τ+τ−
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Where to look for Higgs pairs?
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How to Search for HH Production

12

BR(HH → XXYY)

HH ➞ ɣɣbb

HH ➞ bb!!

HH ➞ bbbb

bb WW gg ττ cc ZZ γγ Zγ μμ

bb 33%

WW 25% 4.6%

gg

ττ 7.4%

cc

ZZ 3.1%

γγ 0.26% 0.1%

Zγ

μμ

= results from ATLAS

b

b

γ

γ

No clear Golden channel, but several promising signatures: 

BR(HH → XXYY )

HH → bb̄γγ

HH → W+W− + XX HH → bb̄ZZ/

‣ : High BR


‣ : Low background
H → bb̄
H → τ+τ−

 Phys. Rev. Lett. 121, 191801Resolved: ℒ = 36fb−1

Boosted: ℒ = 139fb−1 JHEP 11 (2020) 163

‣ : High BR 

‣ Large hadronic background 

H → bb̄

ggF: ℒ = 36fb−1

VBF: ℒ = 126fb−1
 JHEP 01 (2019) 030

JHEP 07 (2020) 108

‣ : High BR


‣ : Good mass resolution/sensitive to low 
H → bb̄
H → γγ mHH

 ℒ = 139fb−1

NEW

ATLAS-CONF-2021-016

‣ Decent BR from 

‣ Complex final signatures due to the decay of Vs

H → VV

Combining the results is necessary for observation.

: bb̄lνlν ℒ = 139fb−1 Phys. Lett. B 801 (2020) 135145

: WW*WW* ℒ = 36fb−1 JHEP 05 (2019) 124
: bb̄lνqq̄ ℒ = 36fb−1 JHEP 04 (2019) 092
: γγWW* ℒ = 36fb−1 Eur. Phys. J. C 78 (2018) 1007 N
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://link.springer.com/article/10.1007/JHEP11(2020)163
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://link.springer.com/article/10.1007/JHEP01(2019)030
https://link.springer.com/article/10.1007/JHEP07(2020)108
http://cdsweb.cern.ch/record/2759683
https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://link.springer.com/article/10.1007/JHEP05(2019)124
https://link.springer.com/article/10.1007/JHEP04(2019)092
https://link.springer.com/article/10.1140/epjc/s10052-018-6457-x
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Strategy

Resolved:

Based on the decay of taus:


‣ : exactly 1 lepton + 1 hadronic ;


‣ : exactly two hadronic s. 

Boosted:

Novel Boosted Decision Tree (BDT) 
reconstruction and identification of di-  in 
large R jets:


‣ ≤ 3 sub-jets, sum of track charge  in 
each sub- .

τlepτhad τ
τhadτhad τ

τ

±1
τ

 Phys. Rev. Lett. 121, 191801Resolved: ℒ = 36fb−1

Boosted: ℒ = 139fb−1 JHEP 11 (2020) 163

Resolved:

Exactly 2 b-jets 

Boosted:

‣ ≥ 1 extra large R jet; 

‣ 2 variable radius b-tagged jets inside.

b

b

τ−

τ+

Two strategies aiming at different regimes:

‣ Resolved: low momenta, single objects can be defined → non-resonant & resonant searches;

‣ Boosted: high momenta, objects are merged → resonant searches.

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://link.springer.com/article/10.1007/JHEP11(2020)163
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How to look for signal?
Resolved:

Boosted:

Non-resonant Resonant

dedicated Control Regions for: 

, , multi-jets (evaluated from data-driven ABCD method)tt̄ Z → ττ

Signal: SM ggF HH.

Fit: based on a BDT distribution trained in 3 SRs:

Signals: Spin-0 and Spin-2.

‣ 1 training/mass (260-1000 GeV)
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dedicated Control Regions for: 

  + jets, multi-jets (evaluated from data-driven 
ABCD method)
Z → ττ

600 800 1000 1200 1400 1600 1800 2000
Visible HH mass [GeV]
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6
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en

ts

Data
=1.2 TeV)

X
HH (m→X

=3.0 TeV)
X

HH (m→X
+hfττZ
+lfττZ

Multi-jet
ZH
Others
Uncertainty

ATLAS
-1 = 13 TeV, 139 fbs

Signal region

Selections based on:

‣ Mass of Large R jet; 

‣ visible di-Higgs 

mass .mvis
HH

Fit: Single bin fit for different resonant masses.

 Phys. Rev. Lett. 121, 191801Resolved: ℒ = 36fb−1

Boosted: ℒ = 139fb−1 JHEP 11 (2020) 163

‣ : Single Lepton Trigger (STT), Lepton + Tau Trigger (LTT);


‣ : Single/Di Tau Triggers. 
τlepτhad
τhadτhad

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://link.springer.com/article/10.1007/JHEP11(2020)163
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Results
Resolved:

Boosted:

 Resonance Mass [GeV]
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]
ττ
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 = 2)βhMSSM Scalar (tan

 Resonance Mass [GeV]
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Observed
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ATLAS

-1 = 13 TeV, 139 fbs
)hτhτ HH (bb→X 

Non-resonant

Resonant

observed (expected) limit is  
12.7 (14.8) times the SM prediction.

σggF
HH × BR(HH → bb̄ττ)

Limits set on 



‣ X is for the 
hMSSM scalar 
production.


‣  for the bulk 
RS Kaluza–Klein 
(KK) graviton 
production.

σ(X /GKK → HH → bb̄ττ)

GKK

Limits set on  where X is a narrow-width 
scalar resonance:


‣ Two regimes based on the cut on 


σ(X → HH → bb̄ττ)

mvis
HH

mvis
HH > 900 GeV mvis

HH > 1200 GeV

No significant excess found

No significant excess found

 Phys. Rev. Lett. 121, 191801Resolved: ℒ = 36fb−1

Boosted: ℒ = 139fb−1 JHEP 11 (2020) 163

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://link.springer.com/article/10.1007/JHEP11(2020)163
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Strategy

Resolved:

‣ At least 4 central b-tagged jets.

Boosted:

‣ At least 2 large R jets;

‣ At least 1 variable radius b-tagged jet in each 

large R jet. 

ggF VBF

Central jets:

‣ At least 4 central b-tagged jets.

VBF jets:


‣ At least 2 forward jets with opposite  sign.η

Pairing Jets
Angular distance between 
jets in each Higgs candidate 

is compared to the 4 
bodies invariant mass 
|ΔRjj |

m4j
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1 2 Given that the 
reconstructed masses 
should be similar, the 
distance to median of 
the signal expectation 
is minimised.

0

ϛϛ

ggF: ℒ = 36fb−1

VBF: ℒ = 126fb−1
 JHEP 01 (2019) 030

JHEP 07 (2020) 108

On top of the two regimes (Resolved/Boosted), different signals are aimed for:

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://link.springer.com/article/10.1007/JHEP01(2019)030
https://link.springer.com/article/10.1007/JHEP07(2020)108
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How to look for signal?
Resolved:

VBF
Main backgrounds: 


‣  : Consistency of jet originating from top quark checked 
through specific variable


‣ multi-jets:

‣ , 4-jets mass dependent Higgs  cut;

‣ Dedicated Signal, Validation and Control Regions 

based Higgs bosons masses and b-tagging 
requirements (2-tag vs 4-tag).

tt̄

|ΔηHH | < 1.5 pT

Fit: using the HH invariant mass

Similar cuts as for the ggF resolved 
analysis.

ggF

Boosted:
Fit: due to low b-tagging efficiency in large jets, 3 signal regions are defined:
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https://link.springer.com/article/10.1007/JHEP01(2019)030
https://link.springer.com/article/10.1007/JHEP07(2020)108
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Results

ResolvedNon-resonant

Resonant

observed (expected) limit is  
12.9 (14.8) times the SM prediction.

σggF
HH × BR(HH → bb̄bb̄)

Limits set on :

‣ X is a narrow-width scalar resonance. 


‣  for the bulk RS Kaluza–Klein (KK) graviton production. 

Small excess at 280 GeV with local (global) significance of 3.6 (2.3) σ

σ(X /GKK → HH → bb̄bb̄)

GKK

No significant excess found

No significant excess found
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bbb b→ HH → KKG

Resolved (260–1400 GeV) 
 Boosted (800–3000 GeV) 

observed (expected) limit 
is 840 (550) times the SM 
prediction.

σVBF
HH

Limits are set on : 
 (observed), 
 (expected).

κ2V
−0.43 < κ2V < 2.56
−0.55 < κ2V < 2.72

Limits set on  
where X is either a narrow- or 
broad-width scalar resonance

σVBF(X → HH)

ggF: ℒ = 36fb−1

VBF: ℒ = 126fb−1
JHEP 01 (2019) 030

JHEP 07 (2020) 108

VBF
ggF

https://link.springer.com/article/10.1007/JHEP01(2019)030
https://link.springer.com/article/10.1007/JHEP07(2020)108
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Non-resonant and resonant search: ℒ = 139fb−1 ATLAS-CONF-2021-016

NEW
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Strategy
b

b

γ

γ‣ Exactly 2 High quality photons  

‣ Exactly 2 b-jets:

‣ Dedicated energy correction from 

semileptonic decay effect (muon and 
neutrino) → similar to what applied in 
VH → bb̄
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=1λκ   HH ggF, 
=1λκ   HH VBF, 
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γγbb→ = 13 TeV         HHs
ATLAS Simulation Preliminary While the  variable is now used for the fit, 

the HH invariant mass  is still useful for 
both the:


‣ Non-resonant search (sensitive to ); 

‣ Resonant searches (sensitive to mass of 

resonance). 
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Due to experimental resolution effects, this 
can be corrected, assuming the two sub-
systems are originating from Higgs bosons:

m*
bb̄γγ

= mbb̄γγ − mbb̄ − mγγ + 250

http://cdsweb.cern.ch/record/2759683
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How to look for signal?
Non Resonant

Resonant:

A BDT is used to select signal 
like events w.r.t di-photon + 
single Higgs. Categories are 
created from  :m*

bb̄γγ
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In each mass category, two regions are created: Loose/Tight BDT cut
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2 separate BDTs are used to separate 
resonant signals from di-photon and 
single Higgs:

‣ All resonances are combined and 

reweighted to show same  as 
background;


‣ BDT scores combined:

m*
bb̄γγ

1

2 Cut is set on the  mass for each 
resonant search:

m*
bb̄γγ
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Figure 6: The BDT distribution of the di-Higgs ggF signal for two di�erent values of :_ and the main backgrounds in
the (a) low and (b) high mass region. Distributions are normalized to unit area. The dotted lines denote the category
boundaries. Events with a BDT score below 0.881 in the low mass region or below 0.857 in the high mass region are
discarded.

4.2.3 Resonant selection

The resonant analysis uses a multivariate analysis based on a BDT technique. A potential limitation of
a BDT-based selection is the low background statistics for higher resonance masses. To overcome this
limitation, a single BDT is trained for all resonance masses with the signal reweighted event-by-event
to match the <

⇤
11̄WW

distribution of the background events, such that the training is independent of the
resonant signal mass hypothesis.

Using the TMVA toolkit [105], two BDTs are trained to better separate the signal from backgrounds of
di�erent nature: the WW plus the CC̄WW backgrounds (BDTWW) and the single Higgs boson background
(BDTSingle� ), where /� and CC̄� production modes are the dominant resonant backgrounds. A complete
list of the variables used for the BDT training is detailed in Table 4. The ⇢

miss
T information is also used in

the training as it is useful to reject the single Higgs boson (CC̄� in particular) and the CC̄WW backgrounds.

The combined BDT score of an event is obtained by combining the two BDT scores in quadrature, as
shown in Equation (2):

BDTtot =
1q

⇠
2
1 + ⇠

2
2

s
⇠

2
1

✓BDTWW + 1
2

◆2
+ ⇠

2
2

✓BDTSingle� + 1
2

◆2
(2)

The coe�cients ⇠1, ⇠2 (⇠2 = 1 � ⇠1) and the BDTtot take values in the range [0,1]. Only events passing a
minimum requirement on the value of the BDTtot are considered in the analysis. The values of the ⇠1 and
⇠2 as well as the BDT cut value are scanned twice in order to maximize the significance. This two-stage
optimization procedure finds first the maximum significance that can be achieved for each resonance mass
point independently, leading to di�erent coe�cients and BDTtot requirement value for each mass parameter.
A second scan is done to select all coe�cients providing a significance within 5% from the maximum
value, for each of the resonance mass value. From those possible combinations a common ⇠1 coe�cient

12[mean − 2 × RMS; mean + 2 × RMS]*

* extended to 4 x RMS for  GeVmX ≥ 900

 to maximise significance C1 = 1 − C2 = 0.65

‣ High mass, focussed on SM

‣  ggF HH used as 

signal;

‣ Low mass, focussed on BSM


‣  ggF HH used as 
signal.

κλ = 1

κλ = 10

‣ Mass dependent cut on BDT score

‣ 22 mass categories created.

http://cdsweb.cern.ch/record/2759683
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Modelling
Diphoton Background
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γγbb→HH
High mass BDT loose

mγγ

Single Higgs HH signal

Functional form used to model the background:

‣ Fitted to background template normalised to data sideband;

‣ Bias from the function choice estimated through "Spurious Signal": 


‣ Signal event yield extracted from a S+B fit to the background-only distribution;

‣ Functions minimising the number of parameters and spurious signal is retained :


‣  retained for all categories. exp(α ⋅ mγγ)

Side band

Category �68 [GeV]

High mass BDT tight 1.46 ± 0.01

High mass BDT loose 1.61 ± 0.02

Low mass BDT tight 1.72 ± 0.06

Low mass BDT loose 1.81 ± 0.03

Resonant mX = 300 GeV 1.96 ± 0.02

Resonant mX = 500 GeV 1.60 ± 0.01

‣ Single Higgs and HH processes can be modelled with double-sided Crystal Ball function.

‣ Extracted in each category;

‣ ggF and VBF HH are merged (using ); 

‣ Same shape applied to single Higgs. 

‣ Yields determined from  and  

κλ = 1

σ × BR eff. × acc .
Theory Simulation

Side band

http://cdsweb.cern.ch/record/2759683
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Results
observed (expected) limit is  
4.1 (5.5) times the SM prediction.

σggF+VBF
HH

Limits set on  where X is a narrow-width scalar 
resonance:

σ(X → HH)

No significant excess found

No significant excess found

Non Resonant

Resonant:
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s g
gF

+V
BF

(H
H)

[fb
]

Expected: kl Œ [-2.4,7.7]

Observed: kl Œ [-1.5,6.7]

ATLAS Preliminaryp
s = 13 TeV, 139 fb-1

HH!bb̄gg

Observed limit (95% CL)
Expected limit (95% CL)
Expected limit ±1s
Expected limit ±2s
Theory prediction
SM prediction

‣ Improved by factor 4 from ; 

‣ Best result from single channel observed to date;

‣ Statistically dominated.


‣ Limits are set on :   observed  
                                   expected.

ℒ = 36 fb−1

κλ −1.5 < κλ < 6.7
−2.4 < κλ < 7.7
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γγbb→HH
Observed limit (95% CL)
Expected limit (95% CL)

σ 1 ±Expected limit 
σ 2 ±Expected limit 

http://cdsweb.cern.ch/record/2759683
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Conclusion

10 210 310 410 510
ggF
SMσ HH) normalised to → (pp ggFσ95% CL upper limit on 

Combined

-W+Wb b→HH

γγ
-W+ W→HH

-W+W-W+ W→HH

γγb b→HH

bbb b→HH

-τ+τb b→HH 12.5 15 12

12.9 21 18

20.3 26 26

160 120 77

230 170 160

305 305 240

6.9 10 8.8

Obs. Exp. Exp. stat.

Observed
Expected

σ 1±Expected 
σ 2±Expected 

ATLAS
-1 = 13 TeV,  27.5 - 36.1 fbs

 HH) = 33.5 fb→ (pp ggF
SMσ  final state (not presented today):bb̄lνlν

observed (expected) limit is 14 (29) times the SM prediction.

 final statebb̄γγ
observed (expected) limit is 4.1 (5.5) times the SM prediction.

NEW

↳ Single results outperforms the combination.

Combination done with most of the analyses with  ℒ = 36fb−1

Combinaison: ℒ = 36fb−1 Phys. Lett. B 800 (2020) 135103

observed (expected) limit is 840 (550) times the SM prediction.σVBF
HH

First look at VBF:

↳ Still very limited

Additional results with :ℒ = 139fb−1

New Full 
Run-2 limits

Phys. Lett. B 801 (2020) 135145

https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269319308676
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Limits are set on the  coupling modifier to: 
 observed,  
 expected.

κ2V
−0.43 < κ2V < 2.56
−0.55 < κ2V < 2.72

Combination done with most of the analyses with  ℒ = 36fb−1 Additional results with :ℒ = 139fb−1

 final statebb̄γγ NEW

↳ Single results outperforms the combination.

Limits are set on the  coupling modifier to: 
 observed,  
 expected.

κλ
−1.5 < κλ < 6.7
−2.4 < κλ < 7.7

First look at VBF:  final statebb̄bb̄

New Full 
Run-2 limits
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Combination done with most of the analyses with  ℒ = 36fb−1

 final statebb̄γγ NEW

observed (expected) limit is 610 fb (251 
GeV) to 47 fb (1000 GeV) (360-43 fb)
↳ Single results outperforms the combination in 
most of the mass range
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First look at Resonant VBF:

 Boosted final statebb̄ττ
observed (expected) limit is 816 fb (1000 
GeV) to 27 fb (2500 GeV) (624-31 fb)

Additional results with :ℒ = 139fb−1

 final statebb̄bb̄
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23 HH: Higgs potential modification
of the Higgs potential in each scenario is as follows:

V (H) '

8
>>>>>><

>>>>>>:

�m2H†H + �(H†H)2 + c6�

⇤2 (H†H)3, Elementary Higgs

�a sin2(
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p
H†H/f), Nambu-Goldstone Higgs

�(H†H)2 + ✏(H†H)2 log H
†
H

µ2 , Coleman-Weinberg Higgs

�3
p
H†H +m2H†H, Tadpole-induced Higgs

(1.1)

where f denotes the decay constant of the NG Higgs boson, and µ denotes the renormalization scale in

case EWSB is triggered by radiative corrections, m2,�, c6,⇤, a, b, ✏, are dimensionful or dimensionless

parameters in each new physics scenario. The shapes of the Higgs potential are schematically illustrated in

Fig. 1, respectively. In both the elementary and Nambu-Goldstone Higgs cases, the Higgs potential could

be expanded in the powers of H†H, which could recover the Landau-Ginzburg e↵ective theory description

if a truncation on the series provides a good approximation. The decoupling limit of these two scenarios

corresponds to the case when new physics sets in at a much higher energy scale than the EW scale. However,

such kind of decoupling limit does not exist in either the Coleman-Weinberg Higgs or the Tadpole-induced

Higgs scenario. In all the above cases, the trilinear and quartic Higgs couplings could be very di↵erent from

those in the SM.

Figure 1: The shapes of Higgs potential for various scenarios studied in this work.

All the above mentioned scenarios can be described in an e↵ective field theory (EFT) framework. One

of the most popular EFT frameworks is the SMEFT [19–21], which assumes new physics decouple at a

high energy scale, and EW symmetry is in the unbroken phase. The SMEFT is suitable for describing the

elementary Higgs and the Nambu-Goldstone Higgs scenarios, when the Higgs non-linearity e↵ect can be

neglected [22]. On the other hand, the Coleman-Weinberg Higgs and the Tadpole-induced Higgs scenarios

cannot be described within the SMEFT framework due to the existence of non-decoupling e↵ects. Hence,

to compare all the four NP scenarios in one theory framework, we utilize the EFT framework in the broken

phase of EW symmetry, which is known as the Higgs EFT [23–29]. Adopting the Higgs EFT framework, we

summarize the general Higgs e↵ective couplings in various scenarios, and parameterize the scaling behavior

of multi-Higgs production cross sections at various high energy hadron colliders.

In this work, we study how to utilize the measurements of the hh and hhh production rates in hadron

collision to discriminate the above mentioned scenarios. The hh production process, via gluon-gluon fusion,

has been extensively studied in the literature for measuring the trilinear Higgs boson coupling [30–49] and

the tt̄hh couplings in the EFT framework [50–52], and for probing various new physics models [53–64]. In

particular, probing the composite Higgs models via studying the hh production process has been studied
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pseudo Nambu-Goldstone boson emerging from strong 
dynamics at a high scale
EWSB is triggered by renormalization group (RG) running effects 
EWSB is triggered by the Higgs tadpole 
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All the above mentioned scenarios can be described in an e↵ective field theory (EFT) framework. One

of the most popular EFT frameworks is the SMEFT [19–21], which assumes new physics decouple at a

high energy scale, and EW symmetry is in the unbroken phase. The SMEFT is suitable for describing the

elementary Higgs and the Nambu-Goldstone Higgs scenarios, when the Higgs non-linearity e↵ect can be

neglected [22]. On the other hand, the Coleman-Weinberg Higgs and the Tadpole-induced Higgs scenarios

cannot be described within the SMEFT framework due to the existence of non-decoupling e↵ects. Hence,

to compare all the four NP scenarios in one theory framework, we utilize the EFT framework in the broken

phase of EW symmetry, which is known as the Higgs EFT [23–29]. Adopting the Higgs EFT framework, we

summarize the general Higgs e↵ective couplings in various scenarios, and parameterize the scaling behavior

of multi-Higgs production cross sections at various high energy hadron colliders.

In this work, we study how to utilize the measurements of the hh and hhh production rates in hadron

collision to discriminate the above mentioned scenarios. The hh production process, via gluon-gluon fusion,

has been extensively studied in the literature for measuring the trilinear Higgs boson coupling [30–49] and

the tt̄hh couplings in the EFT framework [50–52], and for probing various new physics models [53–64]. In

particular, probing the composite Higgs models via studying the hh production process has been studied

4

Courtesy of Elisabeth Petit

minimal composite Higgs model/composite twin Higgs model : 
different coupling to top quark

σ H
H

/σ
SM

Phys. Rev. D 101, 075023

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.075023
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Single Higgs constrains 
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Jason Veatch Higgs 2020

• Single Higgs measurements 
can be sensitive to κλ 

• NLO EW corrections can 
modify σ, BR, and 
kinematics

11

Single Higgs κλ constraints 

ATL-PHYS-PUB-2019-009ATLAS-CONF-2019-049 

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

Elizabeth Brost - Higgs2020

the Higgs self-coupling

11

Changing the value of the Higgs 
self-coupling has a dramatic effect 

on the HH cross section
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Combinaison of single 
Higgs channels with 

 yielding:
ℒ = 80fb−1

−3.2 < κλ < 11.9

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-009/
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Object selection
Trigger: 
‣Resolved: based on the tau decay chain:


‣Boosted: Single large radius jet

Resolved:


‣ : exactly 1 lepton + 1 hadronic  of 
opposite charge


‣ : exactly two hadronic s with 
opposite charge


+ reconstructed mass  GeV

Boosted:

Novel BDT reconstruction and identification 
of di-  in large R jets:

‣  GeV


‣ ≤ 3 sub-jets, sum of track charge  in 
each sub-

τlepτhad τ

τhadτhad τ

mMMC
ττ > 60

τ
plarge jet

T > 300
±1

τ

 Phys. Rev. Lett. 121, 191801Resolved: ℒ = 36fb−1

Boosted: ℒ = 139fb−1 JHEP 11 (2020) 163

Single lepton
Single lepton + 
hadronic tau + 
additional jet

(Single hadronic tau) ||  
(di-tau + additional jet)

τlepτhad τhadτhad

b

b

Resolved:

Exactly 2 b-jets with 70% working point:

‣ Leading jet  GeV

‣ Sub-leading jet  GeV

Boosted:

‣ ≥ 1 large R jet with  GeV 


‣ 2 variable radius b-tagged jets 

pT > 45 (80)
pT > 20

plarge jet
T > 300

τ−

τ+

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://link.springer.com/article/10.1007/JHEP11(2020)163
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Bbtautau Boosted
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)2,visτ,1,visτ(RΔGenerator-level 
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i-

τBoosted di-
τResolved 

 SimulationATLAS
hτhτ bb→ HH →X 

 = 2 TeVXm = 13 TeV, s
) > 300 GeVvisτ(di-

T
p) > 10 GeV, visτ(

T
p

Variable Definition

Esj1
�R<0.1/E

sj1
�R<0.2 and Esj2

�R<0.1/E
sj2
�R<0.2 Ratios of the energy deposited in the core to that in the full cone, for

the sub-jets sj1 and sj2, respectively
psj2

T /p
LRJ
T and (psj1

T + psj2
T )/pLRJ

T Ratio of the pT of sj2 to the di-⌧ seeding large-radius jet pT and ratio
of the scalar pT sum of the two leading sub-jets to the di-⌧ seeding
large-radius jet pT, respectively

log(
P

piso-tracks
T /pLRJ

T ) Logarithm of the ratio of the scalar pT sum of the iso-tracks to the di-⌧
seeding large-radius jet pT

�Rmax(track, sj1) and �Rmax(track, sj2) Largest separation of a track from its associated sub-jet axis, for the
sub-jets sj1 and sj2, respectively

P[ptrack
T �R(track, sj2)]/P ptrack

T pT-weighted �R of the tracks matched to sj2 with respect to its axis
P[piso-track

T �R(iso-track, sj)]/P piso-track
T pT-weighted sum of �R between iso-tracks and the nearest sub-jet axis

log(mtracks, sj1
�R<0.1 ) and log(mtracks, sj2

�R<0.1 ) Logarithms of the invariant mass of the tracks in the core of sj1 and
sj2, respectively

log(mtracks, sj1
�R<0.2 ) and log(mtracks, sj2

�R<0.2 ) Logarithms of the invariant mass of the tracks with �R < 0.2 from
the axis of sj1 and sj2, respectively

log(|dsj1
0,lead-track |) and log(|dsj2

0,lead-track |) Logarithms of the closest distance in the transverse plane between the
primary vertex and the leading track of sj1 and sj2, respectively

nsj1
tracks and nsub-jets

tracks Number of tracks matched to sj1 and to all sub-jets, respectively

Boosted di-tau BDT identification:
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Bbtautau Resolved

pT > 45 GeV, except in the LTT and DTT channels where
this is raised to 80 GeV due to a requirement on the
presence of a jet at the Level 1 trigger to reduce the rate
(during 2016 data taking only for the DTT). In all cases the
subleading jet must have pT > 20 GeV. The invariant mass
of the di-τ system, mMMC

ττ , is calculated using the Missing
Mass Calculator [87] and is required to be greater than
60 GeV. Signal region (SR) events are defined as those
meeting the criteria above, and in addition containing two
b-tagged jets; they are further separated into τlepτhad SLT,
τlepτhad LTT and τhadτhad categories.
BDTs are used in the analysis to improve the separation

of signal from background. Their distributions in the three
signal regions, along with control region yields to constrain
the normalization of the dominant backgrounds, form the
inputs to the final fit. The BDTs for the τhadτhad channel are
trained against the main backgrounds, tt̄, Z → ττ, and
multijet events; in the τlepτhad channel they are trained
solely against the dominant tt̄ background. For the BDT
trainings, the tt̄ and Z → ττ backgrounds are taken purely
from simulation, while the multi-jet events are estimated
using the data-driven approach described below. Variables
which provide good discrimination and are minimally
correlated are used as inputs to the BDTs, as summarized
in Table I. The variables selected in each channel differ,
reflecting the different background compositions. In the
resonant search, BDTs are trained separately for each signal
mass considered, from 260 to 1000 GeV (800 GeV for
LTT), where the signal model combines the target reso-
nance mass and its two neighboring mass points, to be

sensitive to masses between the simulated points. For NR
HH production, the BDTs are trained on a signal sample
with the SM admixture of the contributions from the box
diagram and triangle diagram. The BDTs are more sensitive
to the box diagram where the two Higgs bosons are
produced at higher pT and the selection efficiency is
greater.
In both channels, simulated events are used to model

background processes containing reconstructed τhad-vis that
are matched to generated τhad within ΔR ¼ 0.2 (sub-
sequently referred to as true τhad) and other minor back-
ground contributions. The rate of events with at least one
true τhad and a jet reconstructed as an electron or muon is
found to be negligible. For tt̄ background events containing
one or more true τhad the normalization is obtained in the
final fit, constrained mainly by the low τlepτhad BDT score
regions, resulting in a normalization factor of 1.06" 0.13.
The normalization of the Z → ee=ττ þ heavy-flavor back-
ground is determined using Z → μμþ heavy-flavor events.
Their selection closely follows the event selection used for
signal events. Instead of two τ-lepton candidates, two
muons with pT > 27 GeV and dimuon invariant mass
between 81 and 101 GeV are selected. To remove the
contribution from SM ZHðH → bbÞ production, mbb is
required to be lower than 80 GeVor greater than 140 GeV.
The normalization is determined by including the Z →
μμþ heavy-flavor control region yield in the final fit,
resulting in a normalization factor of 1.34" 0.16.
Normalization factors are not applied to the Z þ
light-flavor contributions. The modeling of the BDT score

TABLE I. Variables used as inputs to the BDTs for the different channels and signal models. Here, mHH is
reconstructed from the ττ and bb systems using a 125 GeV Higgs mass constraint; mMMC

ττ is the invariant mass of
the di-τ system, calculated using the Missing Mass Calculator [87]; mbb is the invariant bb-mass; ΔRðτ; τÞ is
evaluated between the electron or muon and τhad-vis (two τhad-vis) in the case of the τlepτhad (τhadτhad) channel; Emiss

T ϕ
centrality quantifies the relative angular position of the Emiss

T relative to the visible τ decay products in the transverse
plane [88] and is defined as ðAþBÞ=ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2þB2

p
Þ, where A¼ sinðϕEmiss

T
−ϕτ2Þ=sinðϕτ1 −ϕτ2Þ, B ¼ sinðϕτ1 − ϕEmiss

T
Þ=

sinðϕτ1 − ϕτ2Þ, and τ1 and τ2 stand for electron or muon and τhad-vis (two τhad-vis) in the case of the τlepτhad (τhadτhad)
channel; mW

T is the transverse mass of the lepton and the Emiss
T ; ΔϕðH;HÞ is the azimuthal angle between the two

Higgs boson candidates; ΔpTðlep; τhad-visÞ is the difference in pT between the electron or muon and τhad-vis.

Variable
τlepτhad channel
(SLT resonant)

τlepτhad channel
(SLT nonresonant & LTT) τhadτhad channel

mHH ✓ ✓ ✓
mMMC

ττ ✓ ✓ ✓
mbb ✓ ✓ ✓
ΔRðτ; τÞ ✓ ✓ ✓
ΔRðb; bÞ ✓ ✓ ✓
Emiss
T ✓

Emiss
T ϕ centrality ✓ ✓

mW
T ✓ ✓

ΔϕðH;HÞ ✓
ΔpTðlep; τhad-visÞ ✓
Subleading b-jet pT ✓
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scalar resonances X and GKK signal models are shown in
Fig. 2. For scalar resonances, the results are interpreted in a
simplified minimal supersymmetric model, the hMSSM
[102,103], where the mass of the light CP-even Higgs
boson is fixed to 125 GeV. The mass range 305 GeV <
mX < 402 GeV is excluded at 95% C.L. for tan β ¼ 2,
where tan β is the ratio of the vacuum expectation values
of the scalar doublets. Gravitons are excluded at 95% C.L.
in the mass range 325 GeV < mGKK

< 85 GeV assuming
k=M̄Pl ¼ 1. Above ∼600 GeV, the limits are largely
insensitive to the value of k=M̄Pl, while at low mHH they
improve significantly with increasing k due to the larger

natural width. The limits on resonant HH production are
significantly more stringent than previous results in the
bbττ channel and competitive with limits obtained in other
channels.
In summary, a search for resonant and nonresonant

Higgs boson pair production in the bbττ final state is
conducted with 36.1 fb−1 of pp collision data delivered by
the LHC at

ffiffiffi
s

p
¼ 13 TeV and recorded by the ATLAS

detector. The analysis of nonresonant Higgs pair produc-
tion excludes an enhancement of the SM expectation by
more than a factor of 12.7 at 95% C.L. This is the most
stringent limit on HH production to date. Upper limits are
set on resonant Higgs boson pair production for a narrow-
width scalar X and a spin-2 Kaluza-Klein graviton GKK in
the bulk RS model.
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TABLE III. Observed and expected upper limits on the production cross-section times theHH → bbττ branching
ratio for NRHH at 95% C.L., and their ratios to the SM prediction. The"1σ variations about the expected limit are
also shown.

Observed −1σ Expected þ1σ

τlepτhad
σðHH → bbττÞ [fb] 57 49.9 69 96
σ=σSM 23.5 20.5 28.4 39.5

τhadτhad
σðHH → bbττÞ [fb] 40.0 30.6 42.4 59
σ=σSM 16.4 12.5 17.4 24.2

Combination σðHH → bbττÞ [fb] 30.9 26.0 36.1 50
σ=σSM 12.7 10.7 14.8 20.6
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FIG. 2. Observed and expected limits at 95% C.L. on the cross
sections of a generic narrow-width scalar X (top) and RS GKK
(bottom) times the branching fraction to two CP-even Higgs
bosonsH, when combining the τlepτhad and τhadτhad channels. The
expected cross section for the hMSSM scalar X production at
tan β ¼ 2 and the bulk RS graviton production with k=M̄Pl ¼ 1.0
are also shown in the respective plots. In the hMSSM case, the
bump in the theory prediction around 350 GeV corresponds to the
threshold for X decaying into tt̄ pairs.
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τlepτhad (τhadτhad) SR is allowed to vary by 29% (35%)
relative to the normalization derived in the Z → μμþ
heavy-flavor control region in order to account for accep-
tance differences between the two. An additional 20%
normalization uncertainty in the Z → eeþ light-flavor
background, related to the misidentification of electrons
as taus, is derived by comparing data and simulation in a
Z → ee control region with 0 or 1 b-tagged jets. The ZH
(ttH) background normalization is varied by 28% (30%)
based on ATLAS measurements [98,99]. The normaliza-
tions of the remaining minor backgrounds taken from
simulation are allowed to vary within their respective
cross-section uncertainties.
The uncertainty in the modeling of backgrounds due to

jets being misidentified as τhad-vis is estimated by varying
the fake factors and fake rates within their statistical
uncertainties and varying the amount of true-τhad back-
ground subtracted. Based on studies with simulated tt̄ and
W þ jets events, a systematic uncertainty is assigned to
cover the difference in the gluon and quark flavor compo-
sition of jets misidentified as a τhad-vis between the signal
region and the fake-τhad enriched sample, parametrized as a
function of the τhad-vis identification BDT score. The
uncertainty in the extrapolation of FFðQCDÞ to the signal
region is estimated from the difference between the
nominal FFs and alternative ones, calculated either in
the SS region for the τlepτhad channel or a multijet enriched
region, where Δϕðτhad-vis; τhad-visÞ > 2.0, in the τhadτhad
case. Similarly, changes in the fake-τhad determination
when varying the tt̄ control region mW

T requirement in
simulation and data are used to estimate a systematic
uncertainty in both the fake factors and fake rates. The
overall effect of these uncertainties on the fake-τhad back-
ground estimate leads to an 8.4% variation of the NR signal
strength, predominantly due to the true-τhad subtraction in
the tt̄ control region and the composition of the fake τhad.
Theory uncertainties in the signal acceptance are calcu-

lated by independently varying the renormalization and
factorization scales, the choice of PDF and each PDF set by
its uncertainties. The uncertainty in the parton shower is
taken into account by comparing the default HERWIG++
with PYTHIA 8. Uncertainties in the underlying event,
initial-state radiation and final-state radiation are accounted
for by changing the PYTHIA tune, but are small. The effects
of various categories of uncertainty on the measured
nonresonant signal strength corresponding to the expected
upper limit at 95% C.L. are summarized in Table II. The
individual sources of uncertainty making up the categories
listed in the table are grouped together in the final fit to
determine their correlated combined effect on the signal
strength. For all signal hypotheses, the statistical uncer-
tainties dominate.
For each signal model considered, a profile-likelihood

fit [100] is applied to the BDT score distributions
simultaneously in the three SRs to extract the signal cross

section, along with the tt̄ and Z þ heavy-flavor normal-
izations. The lattermost is constrained by including the
dedicated control region in the fit. All sources of system-
atic and statistical uncertainty in the signal and back-
ground models are implemented as deviations from the
nominal model, scaled by nuisance parameters that are
profiled in the fit. None of the dominant nuisance
parameters are significantly constrained or pulled relative
to their input value by the fit. The BDT score distributions
for the nonresonant search and the GKK signal are shown
in Fig. 1 after performing the fit and assuming a back-
ground-only hypothesis. The acceptance times efficiency
for the NRHH signal is 4.2% (2.9%) in the combined SLT
and LTT τlepτhad (τhadτhad) channel over the full BDT
distribution, decreasing to 3.3% (2.4%) for the two most
sensitive BDT bins. As no significant excess over the
expected background is observed, upper limits are set on
nonresonant and resonant Higgs boson pair production at
95% C.L. using the CLs method [101].
Table III presents the upper limits on the cross section for

nonresonantHH production times theHH → bbττ branch-
ing ratio, and comparisons with the SM prediction. The
observed (expected) limit is 30.9 fb (36.0 fb), 12.7 (14.8)
times the SM prediction. In order to compare with previous
results, the BDTs are trained and applied to the signal
sample without reweighting the mHH spectrum to
Refs. [9,31], giving an observed (expected) limit of
37.4 fb (33.5 fb), 15.4 (13.8) times the SM prediction.
The results of searches for resonant HH production are

presented as exclusion limits on the cross-section times the
HH → bbττ branching ratio as a function of the resonance
mass. The expected and observed limits for narrow-width

TABLE II. The percentage uncertainties on the simulated
nonresonant signal strength, i.e., the simulated NR HH yield
assuming a cross-section times branching fraction equal to the
95% C.L. expected limit of 14.8 times the SM expectation.

Source Uncertainty (%)

Total $54
Data statistics $44
Simulation statistics $16
Experimental uncertainties
Luminosity $2.4
Pileup reweighting $1.7
τhad $16
Fake-τ estimation $8.4
b tagging $8.3
Jets and Emiss

T $3.3
Electron and muon $0.5
Theoretical and modeling uncertainties
Top $17
Signal $9.3
Z → ττ $6.8
SM Higgs $2.9
Other backgrounds $0.3

PHYSICAL REVIEW LETTERS 121, 191801 (2018)

191801-5

BDT input variables:

Non resonant limits per channel:

Impact of systematics on SM limit:
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BDTs

Variable Definition

Photon-related kinematic variables

?T/<WW
Transverse momentum of the two photons scaled by their
invariant mass <WW

[ and q
Pseudo-rapidity and azimuthal angle of the leading and
sub-leading photon

Jet-related kinematic variables

1-tag status Highest fixed 1-tag working point that the jet passes

?T, [ and q
Transverse momentum, pseudo-rapidity and azimuthal
angle of the two jets with the highest 1-tagging score

?11̄T , [11̄ and q11̄
Transverse momentum, pseudo-rapidity and azimuthal
angle of 1-tagged jets system

<11̄
Invariant mass built with the two jets with the highest
1-tagging score

�T Scalar sum of the ?T of the jets in the event

Single topness For the definition, see Eq. (1)

Missing transverse momentum-related variables

⇢miss
T and qmiss Missing transverse momentum and its azimuthal angle

1

Variable Definition

Photon-related kinematic variables
p
��
T , y�� Transverse momentum and rapidity of the di-photon system

���� and �R��
Azimuthal angular distance and �R between the two
photons

Jet-related kinematic variables

mbb̄, p
bb̄
T and ybb̄

Invariant mass, transverse momentum and rapidity of the
b-tagged jets system

��bb̄ and �Rbb̄
Azimuthal angular distance and �R between the two
b-tagged jets

Njets and Nb�jets Number of jets and number of b-tagged jets

HT Scalar sum of the pT of the jets in the event

Photons and jets-related kinematic variables

mbb̄��
Invariant mass built with the di-photon and b-tagged jets
system

�y��,bb̄, ����,bb̄ and �R��,bb̄
Distance in rapidity, azimuthal angle and �R between the
di-photon and the b-tagged jets system

Non Resonant Resonant 

http://cdsweb.cern.ch/record/2759683
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Post-fit plots
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Yields and systematics
High mass High mass Low mass Low mass

BDT tight BDT loose BDT tight BDT loose

Continuum background 4.9 ± 1.1 9.5 ± 1.5 3.7 ± 1.0 24.9 ± 2.5
Single Higgs boson background 0.670 ± 0.032 1.57 ± 0.04 0.220 ± 0.016 1.39 ± 0.04

ggF 0.261 ± 0.028 0.44 ± 0.04 0.063 ± 0.014 0.274 ± 0.030

tt̄H 0.1929 ± 0.0045 0.491 ± 0.007 0.1074 ± 0.0033 0.742 ± 0.009

Z H 0.142 ± 0.005 0.486 ± 0.010 0.04019 ± 0.0027 0.269 ± 0.007

Rest 0.074 ± 0.012 0.155 ± 0.020 0.008 ± 0.006 0.109 ± 0.016

SM HH signal 0.8753 ± 0.0032 0.3680 ± 0.0020 (49.4 ± 0.7) · 10
�3 (78.7 ± 0.9) · 10

�3

ggF 0.8626 ± 0.0032 0.3518 ± 0.0020 (46.1 ± 0.7) · 10
�3 (71.8 ± 0.9) · 10

�3

VBF 0.01266 ± 0.00016 0.01618 ± 0.00018 (3.22 ± 0.08) · 10
�3 (6.923 ± 0.011) · 10

�3

Alternative HH (� = 10) signal 6.36 ± 0.05 3.691 ± 0.038 4.65 ± 0.04 8.64 ± 0.06

Data 2 17 5 14

mX = 300 GeV mX = 500 GeV

Continuum background 5.6 ± 2.4 3.5 ± 2.0
Single Higgs boson background 0.339 ± 0.009 0.398 ± 0.010

SM HH background (20.6 ± 0.5) · 10
�3

0.1932 ± 0.0015

X ! HH signal 5.771 ± 0.031 5.950 ± 0.026

Data 6 4

Relative impact of the systematic uncertainties in %

Source Type Non-resonant analysis Resonant analysis

HH mX = 300 GeV

Experimental

Photon energy scale Norm. + Shape 5.2 2.7

Photon energy resolution Norm. + Shape 1.8 1.6

Flavor tagging Normalization 0.5 < 0.5

Theoretical

Heavy flavor content Normalization 1.5 < 0.5
Higgs boson mass Norm. + Shape 1.8 < 0.5
PDF+↵s Normalization 0.7 < 0.5

Spurious signal Normalization 5.5 5.4

http://cdsweb.cern.ch/record/2759683
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HH → W+W− + XX

 final state : bb̄lνlν ℒ = 139fb−1 Phys. Lett. B 801 (2020) 135145

 final state : WW*WW* ℒ = 36fb−1 JHEP 05 (2019) 124

 final state : bb̄lνqq̄ ℒ = 36fb−1 JHEP 04 (2019) 092
 final state : γγWW* ℒ = 36fb−1 Eur. Phys. J. C 78 (2018) 1007

31

Selection
 final statebb̄lνqq̄

 final statebb̄lνlν

Trigger: 
Single lepton supplemented with di-lepton triggers

Trigger: 
Single  lepton triggers

Event selection: 

‣ :

‣ Exactly 2 b-tagged jets @ 70 %.

‣  in (110,140) GeV


‣ :

‣ Exactly 2 opposite charge high quality leptons.

‣ Due to spin-correlation,  in (20, 60) GeV.

‣ Categories: based on flavour.


‣ Deep neural Network: 
‣ To remove dominant backgrounds

‣ Trained on , but output sensitive 

to  and 

H → bb̄

mbb̄
H → WW* → lνlν

mll

HH → bb̄WW*
HH → bb̄ZZ* HH → bb̄ττ

Fit: single bin in different categories

Event selection: 
:


‣ Resolved: exactly 2 b-tagged jets @ 85%

‣ Boosted: One large R jet with  and mass (90, 140) GeV, 

with 2 VR b-tagged jets @ 85%

: 


‣ Resolved: 

‣ ≥ 1 high quality lepton.

‣ ≥ 2 additional jets, pair chosen with minimising 

‣ Kinematic fit to find the neutrino momentum assuming  

GeV

‣ Boosted: same as in resolved.

Signal regions:

‣ Resolved: cuts applied on kinematic and geometrical variables to define 

1 non-resonant category + 1 resonant category/mass point

‣ Boosted:  GeV

H → bb̄

ΔR( jet, l) > 1.0

H → WW* → lνqq̄

ΔR( jet, jet)
mH = 125

Emiss
T > 50

Fit:  in different categoriesmHH

γ

γ

b

b

l

𝜈 Resolved
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Results
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observed (expected) limit is  
14 (29) times the SM prediction.σggF
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Non-resonant
observed (expected) limit is  
300 (190) times the SM prediction.σggF

HH

Resolved

Resonant: Resolved Boosted

Limits set on 
 where X 

is a narrow-width 
scalar resonance

σ(X → HH)
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 final statebb̄lνqq̄
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